INTRODUCTION 1
In the precast concrete wall industry, a significant development thrust has been in "Green Building" and 2 acquiring "LEED (Leadership in Energy and Environmental Design) certification." With these energy 3 efficiency requirements and guidelines, the industry has increasingly turned to encased insulation to 4 enhance the thermal performance of the building envelope while still maintaining construction speed. 5
The insulation is sandwiched between an exterior and interior concrete layer to limit damage of the 6 insulation and to ease construction. Shear ties are used to provide integrity between the interior and 7 exterior concrete sections, or wythes, as illustrated in Figure 1 . The shear ties allow the panels to be lifted 8 and handled during building erection and allow the panels to behave as a composite against flexural 9 demands. Varying the type and arrangement of the shear ties controls the amount of composite action 10 between the two wythes. 11
12
Figure 1: Shear ties in sandwich wall panels 13
The flexural demands placed on sandwich panels produce internal compression, tension, and shear 14 stresses. To support these internal demands as a composite section, the sandwich panel must have 15 adequate tie reinforcement between the interior and exterior concrete wythes. This is accomplished by 16 the placement of shear ties or the use of solid concrete zones between wythes. Solid concrete zones 17 provide a substantial means of achieving force transfer. However, commercial industries are moving 18 away from these designs to reduce the bridging between wythes and increase overall thermal efficiency of 19 the sandwich wall panel. As illustrated in Figure 2 , maintaining the flexural demands requires the transfer 20 of a shear force, through the ties, perpendicular to the direction of loading. The magnitude of the shear tie 21 demand is commonly computed using one of three techniques. Method 1 computes the shear demand 22 from the flexural capacity of the section. This method is recommended by the Precast/Prestressed 23 Concrete Institute (PCI 1997) . Method 2 computes the shear demand assuming elastic response andconsidering the first moment of the area above the shear tie. Since the derivation of this method is based 1 on the elastic response of the member, the accuracy is poor after cracking. Method While Methods 2 and 3 can be used, in most cases the design of shear reinforcement for concrete 7 sandwich wall panels follows the practice of PCI (1997) . The maximum horizontal shear force is 8 computed using the lesser of the compression or tension capacity of the section at midspan. The number 9 of ties needed to resist the shear force must be placed on each half of the wall spanning from midspan to 10 the support. To simplify the calculation, the assumption is made that the entire depth of the exterior 11 wythe is acting in compression. 12
The required shear capacity, V required , can be computed as follows: 13
where A ps is the area of prestressing steel in the tension wythe, A s is the area of non-prestressed steel in 17 the tension wythe, f ps is the stress in the prestressing steel at ultimate flexural strength, f y is the yield stress 18 of the non-prestressed steel, f' c is the concrete compressive strength, b is the width of the wall, and t c is 19 the thickness of the compression wythe. 20
To achieve a fully composite panel response, the required number of shear ties, N required , can then be 21 computed using the following formulation. For traditional panel design considerations, such as handling and wind, knowledge of the strength of the 23 shear tie is adequate. In the extreme event, where panels are expected to reach their ultimate load 24 capacity, both the strength and ductility capacity of the tie should be known. An example of an extreme 25 event is an accidental or intentional explosion. This is a standard design condition for military facilities 26 protection is a concern, or commercial facilities such as refineries or grain handling producers where gas 2 or dust cloud explosions could occur. For these types of applications, there is potential for the panel to be 3 loaded to and beyond its flexural capacity. To ensure safety to the occupants of the facility, the proper 4 response of the shear ties within the panel must be considered. Furthermore, all three methods used to 5 determine demand are based on the assumption that compatibility between the concrete wythes is 6 maintained. If a flexible shear tie is used, the relative shear deformation could be very large at the 7 required shear demand. Consequently, the design approach would no longer be valid. To accurately 8 assess the response of the panel system under ultimate loads, the load deformation of the tie system used 9 must be known. Commercially available shear ties were procured and experimentally evaluated. The 10 results are used to develop simplified response curves, which are used for modeling the flexural response 11 of wall panels. 12
SHEAR TIE SYSTEMS 13
Shear ties are available in a variety of materials and configurations. These include carbon steel, stainless 14 steel, galvanized carbon steel, carbon-fiber-reinforced polymer (CFRP), glass-fiber-reinforced polymer 15 (GFRP), and basalt-fiber-reinforced polymer (BFRP). The various materials are chosen for their cost and 16 thermal or corrosion resistance benefits. Steel ties are commonly used when thermal and corrosion 17 resistance is not a concern. These ties are available at the lowest cost. When corrosion resistance is 18 needed, stainless steel or galvanized steel can be used at a premium. Steel, unfortunately, has a high 19 thermal conductivity which results in lower insulation properties for the walls. When high thermal 20 requirements are specified and corrosion is a risk, GFRP, CFRP, or BFRP can be used. 21
Shear ties are produced as trusses, pins, rods, and grids. The variation in shear tie configurations results 22 in a broad range of deformation ability. For example, an FRP truss tie produces a stiff brittle response, 23 whereas a thin steel rod results in a flexible response with large ductility. As a consequence, the flexural 24 performance of a wall panel can vary significantly based on the tie used. To accurately predict the 25 ultimate response of a sandwich panel subject to an increasing lateral pressure, the response of the shear 26 ties must be well defined. The shear capacity of the ties can be determined either by analytical modeling 27 of the mechanical and geometric properties of the tie or through experimental validation. Due to the 28 variety of ties and their proprietary design, the flexibility and strength is not directly examined through 29 modeling. Instead, a consistent experimental approach is used in this study to quantify and compare the 30 effectiveness of shear ties.
EXPERIMENTAL PROGRAM 1
Direct shear experiments were conducted on ties commercially available in the United States. Dayton. Ties D, J, K, and L are distributed ties and are placed over the length of the panel. All other ties 10 are designed to be discretely placed in the wall panel to achieve the desired capacity. The overall test 11 matrix is summarized in Table 1 . The dimensions of the fourteen ties are summarized in Figure 3 . 12 Table 1 configuration contains two ties, each of the dimensions described in Table 1 , to minimize eccentricity and 5 secondary demands on the connection during evaluation. An alternate fixture specified in ASTM E488 6
Strength of Anchors in Concrete and Masonry Elements (2003) has been used for evaluation of ties. The 7 method illustrated in ASTM E488 consists of a single tie with a shear load applied directly to the tie. This 8 configuration produces prying forces directly on the shear tie that are not representative of the demands 9 on shear ties in sandwich panels. The fixture illustrated in Figure 4 integrates the insulation foam and 10 applies load to the tie through the concrete. This load transfer method more accurately replicates the 11 demands acting on sandwich wall ties under large flexural demands and was used for the research 12
program. 13
Three tests were conducted for each shear tie type unless noted. Each tie was loaded to failure under a 14 monotonically increasing displacement demand. This demand is used to replicate the conditions that 15 would occur on ties located in a sandwich wall panel under a uniform pressure load. Rate effects were 16 not considered in this study. The relation between uniform pressure and blast-generated loads is further 17 discussed in Biggs (1964) . Blast pressure demands on walls are characterized by a high-intensity 18 dynamic load that exponentially decays over a short duration (typically less than 100 msec). As a 19 consequence, the predominant flexural response of the panel occurs during either the initial inbound or 20 rebound response of the wall. Similarly, the shear ties are subject to the greatest demand during the initial 21 The experiments were conducted with a universal test machine under displacement control. The 5 specimens were examined at quasi-static loading rates. Higher rates of loading similar to those of blast 6
were not conducted in this study. Higher rate loading would result in an increase in capacity due to the 7 dynamic strength increase for the materials used. The quasi-static data presented can be used as a 8 conservative estimate of tie strength. A displacement rate of 12.7 mm (0.50 in.) per minute was used in 9 specimens A through F. Samples G through L were loaded at 6.4 mm (0.25 in.) per minute. Load was 10 measured in line with the machine piston. The shear tie strengths in Table 2 and Table 3 are the force per  11 shear tie (half of the load cell reading). The distributed ties are further divided based on the length tested. 12
For these ties, the strength per shear tie length is presented. The displacement was measured directly on 13 the specimen using a LVDT illustrated in Figure 4 . 14
Test Specimen 15
All ties were tested in a standardized specimen configuration. The shear tie specimens use 50 mm (2 in.) 16 of insulation, which is commonly used in sandwich wall construction. The insulation consists of extruded 17 polystyrene (XPS, a.k.a. blue or pink board) in all cases but D1. Expanded Polystyrene (EPS, a.k.a. bead 18 board) is commonly used for the C-grid shear tie (D1) to enhance the shear effectiveness of the panel 19 assembly. For completeness, the C-grid connection is evaluated with both XPS and EPS insulation. 20
A standard embedment is used on each shear tie. To fit the ties within the concrete specimen, 7.6 cm (3 21 in.) exterior concrete layers and a 12.7-cm (5-in.) interior concrete layer were used. The specimen details 22 are illustrated in Figure 5 . 23
The specimens were cast from concrete with a specified minimum compressive strength of 27.6 MPa (4ksi). The strength of each specimen was determined in accordance with ASTM C39 (2005). The samples 1 were fabricated by TCA and PCI contractors who utilize site cast and plant cast concrete. The measured 2 concrete strength varied from 27.6 MPa (4 ksi) to 68.9 MPa (10 ksi) and are summarized along with the 3 shear capacities in Table 2 and Table 3 . 
EXPERIMENTAL RESULTS 7
A summary of the measured responses of each experiment is presented in this section. The concrete 8 compressive strength at the time of testing, f' c , the peak shear strength, corresponding displacement, 9 energy absorbed at the peak load, the average strength, and the coefficient of variation on the strength are 10 presented in Table 2 for discrete ties and Table 3 for distributed ties. The strength measured and energy 11 absorbed represents the performance of one shear tie. The characteristic response of each shear tie was 12 determined by averaging the force values at each displacement level for the group of connection results as 13 illustrated in Figure 6 . In general the results did not vary considerably within each group. Due to the 14 averaging method used the peak force of the characteristic curves presented in Figure 7 are less than the 15 peak force listed in Table 2 and Table 3 Further information on each test can be found in Naito, et al. 
Discussion of Results 2
As described in Table 2 and illustrated in Figure 7 , shear ties used in sandwich wall panels have a 3 considerable variation in strength, stiffness, and deformability. The average shear strength of the discrete 4 ties is 10.5 kN (2,360 lb) with a minimum average of 5.5 kN (1,240 lb) and maximum average of 18.4 kN 5 (4,138 lb). The maximum average shear response of the distributed ties is 34.0 kN/m (194 lb/in.) with a 6 minimum average of 17.2 kN/m (98 lb/in.) and maximum of 57.8 kN/m (330 lb/in.). The ties exhibited 7 elastic-brittle, elastic-plastic, plastic-hardening, and a variety of other responses. 8
The variation in shear-deformation response is directly related to the variability in shear tie design. The 9 shear behavior is dominated by steel in tension. The steel M-clip (I) and the C-clip with adequate 1 embedment (G) exhibited an elastic-plastic behavior at low shear deformations as the leg of the 2 connection is subject to dowel action. As the deformation increased, the shear tie legs changed to a 3 tension mode, resulting in the observed increase in strength. A similar behavior was observed in the steel 4 ladder connection (L). However, the forces are lower due to a smaller wire diameter. Post-yield 5 hardening did not occur in the standard C-clip details (H) due to the lack of embedment. Post test 6 inspection revealed that these connections failed due to pullout from the concrete. The FRP non-7 composite pins (C and E) exhibited an elastic-plastic response with minor hardening. The multi-linear shear tie performance is used to estimate the flexural response of sandwich panels. 5
Under uniform loading, insulated sandwich panels are subjected to flexural deformation as illustrated in 6 Figure 10 . Based on the shear force diagram for a uniformly loaded panel (Figure 2 ) the ties located at 7 the ends are subjected to the highest shear deformation, and the ties at the center are subjected to zero 8 shear deformation. To properly transfer the flexural couple forces from the compression face to the 9 tension face, adequate shear tie strength must be available. Shear tie stiffness also has a considerable 10 The shear response of the ties influenced the shear failure modes of the panels. As an example, the results 11 of three experiments are presented in Figure 11 . The results include the applied pressure and midspan 12 deflection for three panels with the same flexural design. The type of tie was varied between the panels. 13
Panel PCS4 consisted of a flexible tie, panel PCS5 consisted of a moderately stiff tie, and PCS6 consisted 14 of a stiff tie as illustrated in Figure 11 (right). The variation in types of ties resulted in a variation in the 15 amount of relative slip measured between the wythes and a change in the ultimate capacity of the panels. 16
As illustrated, the shear-deformation behavior is sensitive to the type of tie used. Between cracking and 17 ultimate capacity, the use of a relatively stiff tie increases the strength of the panel. The type of shear tie 18 used can significantly change the available strain energy of the wall panel. A model is presented that can be used to estimate the maximum midspan deflection of a sandwich panel 4 subjected to a statically applied uniform pressure up to peak pressure. Prior to load application the panel 5 is considered fully composite, and the exterior wythes act together as one system. After loading initiates, 6 both the shear ties and core material begin to allow slip between the exterior withes, producing a reduced 7 panel capacity or partially-composite action. In some cases, the ties fail in shear, creating non-composite 8 action, so the wythes act as independent systems. 9
The model presented in Figure 12 In Figure 12a , an applied pressure, w j , is applied and moment demand, M, is determined along the length 1 of the panel. In Figure 12b , the horizontal shear demand, V ij , at each tie location, i, for each pressure step, 2 j, is estimated with the following equation. 3
where M i+1 and M i are the internal moments the ends of the current panel division, d is the depth to tensile 4 reinforcement, and a is the depth of the rectangular stress block. For the panels tested, a is 1.27 cm (0.5 5 in.) on average, measured from the exterior face. 6
The shear demand at each tie, V ij , is used along with the appropriate tie response from Figure 9 and core 7 material response to determine the shear slip at each tie, s ij . This slip is compared to two limits, s 1 and s 2 , 8 deduced from experimental results shown in Figure 9 . If the slip is less than s 1, the section is considered to 9 be fully composite. If it is greater than s 2 , the section is assumed to be non-composite. If the slip is 10 between s 1 and s 2 , the panel is partially composite. The fully-partially composite slip limit, s 1 , was 11 chosen to be point of maximum shear force, taken as the midpoint between Δy and Δm in Figure 8 . The 12 partially-non-composite slip limit, s 2 , is chosen to be 1.2 s 1 . Beyond this limit, the ties are no longer at 13 ultimate strength capacity. 14 Given the level of composite action, the curvature, φ ij , at each panel division for each pressure step can be 15 calculated. A standard section analysis was performed to determine both the fully and non-composite 16 moment-curvature responses. A tri-linear relationship was developed for both responses using cracking, 17 yield, and ultimate moments, calculated using standard ACI or PCI equations (depending on the type of 18 reinforcement). These are shown as dashed lines in Figure 12e . 19 The partially composite moment-curvature response is determined relative to the stiffness provided by 20 the tie and foam. A panel with foam only is assumed to be fully non-composite, while a panel containing 21
foam and the most-rigid tie tested (D2) is assumed to be fully composite. The partially composite 22 moment resistance of the panel at cracking, yield, and ultimate can be determined in accordance with the 23 relationship shown in Figure 12d . From experimental observations, the partially-composite cracking 24 moment best approximates the actual cracking moment of the panel. Therefore, the cracking moments for 25 all three responses are set equal to that of the partially-composite response. The complete moment-26 curvature response of the panel according to level of composite action is shown in Figure 12e as solid 27
lines. 28
With the relationships developed, the curvature for a given moment demand at a section can be 29 determined based on the level of slip and the appropriate moment-curvature relationship. The midspandeflection for each applied pressure step j, Δ j , is calculated using the following virtual work equation. 1
where L = panel length, Φ j = curvature matrix for applied pressure step j, and m v = virtual moment matrix 2 for all tie locations. This form of the virtual work equation considers Φ j and m v the average curvatures 3 and virtual moments over i segments of length L/i. Each Δ j and corresponding pressure represents one 4 point in Figure 12g . 5 Figure 14 shows the estimation model for one panel, experimentally tested and presented in a previous 6 paper (Naito, Beacraft, & Hoemann, 2010). The moment-curvature information for the fully and non-7 composite panels is entered into the model as well as basic dimensions and quantities. The shear-8 deformation response of the shear tie is also entered from tests previously performed. This panel, PCS1, 9 has a relatively very flexible steel C-clip (Figure 10 ). The low stiffness of this tie causes the partially-10 composite moment-curvature to be nearly the same as the non-composite response as shown in Figure 13 . 11 Also shown in Figure 14 are the modeled fully and non-composite responses for PCS1. The methodology, 12 sensitive to tie type, provides a good approximation of the measured flexural response. 13 
